Affinity maturation of the humoral response is mediated by somatic hypermutation of the immunoglobulin (Ig) genes and selection of higher-affinity B cell clones. Activation-induced cytidine deaminase (AID) is the first of a complex series of proteins that introduce these point mutations into variable regions of the Ig genes. AID deaminates deoxycytidine residues in single-stranded DNA to deoxyuridines, which are then processed by DNA replication, base excision repair (BER), or mismatch repair (MMR). In germinal center B cells, MMR, BER, and other factors are diverted from their normal roles in preserving genomic integrity to increase diversity within the Ig locus. Both AID and these components of an emerging error-prone mutasome are regulated on many levels by complex mechanisms that are only beginning to be elucidated.
INTRODUCTION
Vertebrates have evolved a complex set of mechanisms to protect themselves from infections and foreign substances. The adaptive humoral response plays an important role in this process by providing antibodies that circulate throughout the body and into secretions, where they bind strongly and specifically to invading organisms and other foreign substances and dispose of them through a variety of effector functions (1) . Although all vertebrates can make antibodies, species differ in the details of how they use a small amount of genetic material to generate sufficient antibody diversity to deal with all possible antigens (2) . Prior to antigen exposure, mice and humans constantly recreate a highly diverse repertoire of antigen-binding sites in pro-and pre-B cells in the bone marrow through the rearrangement of germ line immunoglobulin (Ig) variable (V), diversity (D), and joining ( J) elements to form the heavy (H) and light (L) chain V regions in the Ig genes (1, (3) (4) (5) . These germ line-encoded IgM antibodies are of low affinity and are usually not effective in inactivating pathogenic organisms and their products. Once an antigen appears, however, cognate mature B cells are stimulated to proliferate, differentiate, and migrate to the dark zone of the germinal centers (GC) in secondary lymphoid organs, where they become centroblasts (6, 7) .
In the GC microenvironment, centroblast B cells begin to express large amounts of activation-induced cytidine deaminase (AID), which initiates somatic hypermutation (SHM) of the antibody V regions that encode the antigen-binding sites (8, 9) (Figure 1) . These point mutations result in the amino acid replacements in the H and L chain V regions that are responsible for the affinity maturation and changes in fine specificity that are required to produce effective neutralizing antibodies (1, 3-5, 10, 11) . Centroblast B cells also carry out class switch recombination (CSR), which requires AID and utilizes many of the same mechanisms of mutation and repair that are involved in SHM (12) . In this review, we discuss only SHM of the V region genes in mice and humans, but we also draw on some of the studies that have been done with the DT40 chicken B cell line that provide insights into the mechanisms of SHM in mice and humans (13) . We focus on the more recent biochemical studies of AID and the characterization of additional genetically defective mice that provided convincing support for and extend the biochemical basis of this model. In this discussion, we draw heavily on and refer to the ideas and data summarized in a number of excellent recent reviews (1, 3-5, 10, 11) as we try to understand how the different enzymatic systems that are involved in SHM are organized and regulated. We first describe general features of SHM, followed by each of the mutation and repair systems involved in V region hypermutation, and then address the issue of the overall regulation of SHM. CSR is discussed in detail in the review by Stavnezer et al. (14) in this volume.
FEATURES OF SOMATIC HYPERMUTATION
If we consider the characteristics of SHM of the H chain V region (Figure 1) , most of the mutations are single base changes that accumulate starting 100-200 bp from the transcription initiation site and end 1.5-2.0 kb downstream (15) (16) (17) (18) (19) . The frequency of mutations is highest in the V(D)J coding region and the J region introns, sparing the important regulatory elements in the promoter, the intronic enhancer, and the constant (C) region genes that are responsible for effector functions (17, 19) (Figure 1) . The frequency of V region mutation is approximately 10 −5 -10 −3 /base pair/generation, which can be compared to the basal level of mutation in the genome of ∼10 −9 . There are more transitions (e.g., C to T, G to A) than transversions (e.g., C to A or G; G to C or T), and many of the mutations are preferentially targeted to the deoxycytidines (dC) within WRC Model of somatic hypermutation. AID deaminates a cytidine residue, creating a uridine:guanosine (U:G) mismatch that is resolved by several pathways that may compete with one another. AID deaminates single-stranded DNA formed during transcription of both strands of the DNA (not shown). The subsequent steps, however, might not occur equally on both strands. (Left) The general replication machinery can interpret the U as if it were a deoxythymidine (T). One of the daughter cells will acquire a C-to-T transition mutation. (Center) UNG can remove the uracil, leaving behind an abasic site. Short-patch base excision repair (BER) can fill the gap with error-prone polymerases, which can insert any nucleotide in place of the U, leading to transitions and transversions at G:C bases. (Right) Mismatch repair (MMR) can recognize the U:G mismatch. The U-bearing strand is excised and, at loci that undergo SHM, monoubiquitylated PCNA (proliferating cell nuclear antigen) recruits error-prone polymerases to fill the gap, leading to transition and transversion mutations at A:T bases as well as at neighboring G:C bases.
(Dashed line) Long-patch BER can also be a source of mutations at A:T bases and may compete with MMR.
motifs that are hot-spots for SHM (20) (21) (22) . High rates of transcription are required for SHM to occur, and the frequency of mutation is roughly proportional to the rate of transcription (23) (24) (25) . Both the transcribed (template, bottom) and the nontranscribed (nontemplate, top) strands undergo AID-induced deamination of dC to deoxyuridine (dU) to produce C-to-T mutations at the same frequency (26) . Transcription alone is not sufficient, as many transcribed genes in GC B cells are not targeted for SHM (27, 28) . A general model for the enzyme systems involved in SHM includes a first phase that depends on the mutagenic activity of AID and a second phase that depends on the errorprone repair of the AID-induced mutations (Figure 2) . Even before the discovery of AID, Rada et al. (29) proposed two distinct phases of SHM because mice deficient in DNA mismatch repair (MMR) exhibited a selective loss of mutations at A:T bases but retained the ability to mutate G:C bases. Mutations at G:C bases were termed phase 1 mutations, with MMR-dependent mutations at A:T bases occurring in phase 2. Further studies (30) demonstrated that mutations detected in the antibody V regions require the propagation of the C-to-U mutation through replication, generating a C-to-T transition, or, in the opposite strand, a G-to-A transition (phase 1a). Phase 1b accounts for transversions at G:C bases, which depend on one of the uracil DNA glycosylase enzymes, UNG, to trigger base excision repair (BER), remove uracil from DNA, and create an abasic site that can be filled in with any of the four bases. Long-patch BER and MMR are responsible for the large number of mutations at A and T bases (3) generated in phase 2.
Although the BER and MMR enzymes normally maintain genomic stability, they become error prone in the GC centroblast B cells when they are acting on the Ig genes and thus greatly increase the number of mutations that accumulate in antibody V regions. A critical conclusion from this model is that in mice and humans ∼60% of the mutations that arise as the result of SHM are in A:T bases, and about half of those are transversions rather than transitions (5). Thus, more than half of the mutations in the V region are not the result of the direct biochemical action of AID, but rather depend on the error-prone BER and MMR of the AID-induced mutation (Figure 2) . This error-prone repair is contributed by members of a family of low-fidelity translesional DNA polymerases (31) . These translesional polymerases, including Pol η, θ, ι, ζ, λ, and REV1, are ubiquitously expressed and appear to have a shallower and less constrained binding pocket than the high-fidelity polymerases. This allows them to recognize DNA lesions and bypass them in newly replicated or mutated DNA by inserting bases opposite the lesion (32) . As a consequence of their more permissive binding sites, they are also error prone. The discovery that AID introduces dU mutations at a high frequency in the V regions (8, 9) led us to propose that these translesional polymerases were responsible for the error-prone repair of the dU introduced by AID (33) . The discovery of an important role for BER and MMR led to an expansion and refinement of this DNA deamination model by Neuberger and his colleagues (3, 30, 34) (Figure 2 ) that serves as the working model for most investigators in the field. BER and MMR (and perhaps AID itself) participate in large complexes of proteins, the nature of which are under intense investigation. The extent to which these proteins interact with each other and other factors is important because this is one way in which SHM may be regulated. The Supplemental Table lists the proteins reported to be involved in SHM and selected interactions among them (follow the Supplemental Material link from the Annual Reviews home page at http://www.annualreviews.org).
BIOCHEMICAL BASIS OF AID ACTIVITY
When AID was first discovered, investigators proposed that it worked as an RNA-editing enzyme on an mRNA that encodes a yet to be discovered endonuclease that may initiate SHM (8, 9, 35) . Many subsequent studies, however, have revealed that AID initiates the process of V region hypermutation by deaminating dC to dU on single-stranded DNA (ssDNA) (1, 3-5, 10, 11) . The role of AID as the initiating factor in SHM was confirmed by studies showing that genetically engineered mice that lack AID and patients with type II hyper-IgM immunodeficiency syndrome (HIGM-2) who have inactivating mutations in AID were unable to carry out SHM (36, 37) .
Although there is still much to be learned about the biochemistry and targeting of AID, a critical observation came from the first biochemical studies: In the absence of cofactors, AID deaminates dC to dU on ssDNA, but not on double-stranded DNA (dsDNA), DNA:RNA hybrids, or RNA in any form (38) (39) (40) . Furthermore, in this cell-free system, semipurified AID preferentially deaminates dC in WRC hot-spot motifs, while exhibiting much lower activity for dC in SYC cold-spot motifs (39, 40) . As has been observed in vivo, not every dC in a hot-spot is deaminated, and some non-hot-spot motifs undergo frequent mutation in vitro. AID will only deaminate dC in dsDNA in vitro if there is ongoing transcription at the site or if single-stranded bubbles are otherwise introduced (40) (41) (42) (43) (44) (45) (46) . Thus, the requirement for active transcription to initiate SHM (and CSR) is explained by the generation of the ssDNA substrate for AID within a moving transcription bubble. These observations provided direct evidence that the substrate of AID was DNA and suggested that the AID protein itself has the inherent information to preferentially deaminate dC in the context of certain sequences such as WRC and to reduce deamination in other sequences such as SYC (38) (39) (40) (41) (42) (44) (45) (46) (47) (48) .
A second important finding from the studies with AID purified from insect cells was that AID has high processivity on ssDNA substrates. After binding ssDNA in vitro, Processive: a processive enzyme catalyzes multiple reactions on a single substrate prior to acting on a different substrate AID causes multiple deaminations prior to dissociation (39, 40, 49) . Although it appears that the processive behavior of AID would allow it to translocate along with a transcription bubble in vitro, generating dC deaminations principally in hot-spot motifs (38-42, 44, 47) , evidence is lacking that AID catalyzes multiple deaminations during transcription in vivo because only a few V-gene mutations appear to occur per cell division. An alternative possibility, however, is that AID induces many mutations per cell division but that the majority are rapidly and discreetly repaired in an error-free fashion (see Conclusions).
Another perhaps more compelling teleological rationale for AID processivity is that the enzyme is globally targeted to regions of ssDNA, but not to specific target dC motifs. AID binds with roughly equal affinity to ssDNA that contains either WRC Model describing processive C-to-U deaminations. AID is depicted as a dimer on ssDNA. Current biochemical data suggest that AID binding occurs randomly, and enzyme motion, for example sliding and jumping, occurs in either direction along the ssDNA substrate. Deamination by AID occurs processively (making multiple deaminations per substrate molecule) and equally in 5 and 3 directions, with preferential targeting to WRC motifs. Notably, there is no external energy source present, for example ATP or GTP hydrolysis. motifs or SYC motifs and even to DNA with no C residues or with only U residues (M.F. Goodman, unpublished data). Therefore, AID would have to remain bound to the DNA to catalyze deamination when it does encounter a dC, perhaps while tracking along with a moving transcription bubble (5, 10, 50) . Once bound to ssDNA, AID catalyzes deamination in what appears to be a "hit-andmiss" process of the sort described for restriction enzymes rather than for polymerases (39, 48, 51) . For example, deamination patterns on individual DNA clones exposed to AID in vitro contain small clusters of deaminations, often separated by lengthy regions where dC is left intact even though there are numerous WRC hot-spot motifs. Each DNA clone exhibits a different deamination pattern (39, 40, 51) , and, similarly, clonal patterns have been reported for different B cell clones bearing the same Ig transgene (52) . When deaminations do occur, WRC hot-spot motifs are favored over SYC cold-spots by about 6:1. Multiple deaminations in vitro tend to congregate near WRC sites, suggesting that after a hotspot deamination, AID can slide to and attack a proximal C residue and then jump to another region on the same ssDNA strand. The biochemical data suggest that AID binds randomly to ssDNA and performs a bidirectional random search for C residues by jumping and sliding along the DNA backbone (Figure 3) . This behavior of AID reflects special properties of the enzyme because it differs significantly in this cell-free system from one of its homologs, APOBEC-3G (Apo3G), which favors deamination toward the 5 region of ss-DNA (51) . It is unclear how the processive properties of AID are used in vivo, where directional deamination might be imposed upon it by the 5 to 3 motion of RNA polymerase II (RNA Pol II), which has been reported to associate with AID (53) (see the Supplemental Table) . An important biochemical challenge will be to recapitulate the salient features of transcription-dependent deamination with purified mammalian enzymes.
Strand-Specific Targeting
On the basis of the biochemical studies described above, we might expect that only the nontranscribed strand would be attacked by AID. In fact, a single cytosine in the nontranscribed strand is sufficient to recruit AIDinduced deamination and allow the mutation of upstream and downstream A and T residues, whereas in one experimental system this does not seem to happen when the cytosine is in the transcribed strand (54) . The analysis of this strand asymmetry in vivo has revealed that error-prone MMR preferentially targets dU in the nontranscribed strand, suggesting different post-AID repair of the two strands. However, mutations at dC sites in cells lacking both BER and MMR occur with roughly equal frequencies on both DNA strands (3, 55, 56) . Assuming that the deamination events that trigger mutation occur during V-gene transcription, one possibility is that both strands can undergo transcription to provide ssDNA on which AID can act, and this has now been observed in Ramos cells, a human centroblast-like B cell line that constitutively undergoes SHM (57) . As far back as 1992, antisense promoters were identified in another part of the Ig locus, the Ig μ-switch regions that are associated with c-myc in a Burkitt's lymphoma cell line (58) , and antisense transcription has been reported in other regions of the Ig gene (59, 60) . However, if bidirectional transcription is not occurring in vivo, then how C-to-T mutation occurs on both strands is unclear. One proposal is that DNA supercoiling may generate transient single-stranded regions on the transcribed strand (5, 47, 50, 61) . Although the use of T7 polymerase has revealed only occasional deamination of the nontranscribed strand (48), deamination of both strands has been reported using Escherichia coli polymerase in vitro (44) and in the E. coli chromosomal rpoB locus when AID is overexpressed (30) . The addition of AID to a mammalian transcription system may provide a clearer answer to how both strands are targeted in vivo.
AID Protein Structure
A sketch of the AID domain structure is shown in Figure 4 . HIGM-2 disease-causing mutations are found throughout the protein 
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Inactivating mutations and functional domains in AID. The exon domains of AID are depicted (aa, amino acids). Select inactivating mutations found in HIGM-2 patients (red ) or generated by site-directed mutagenesis (blue) that result in changes in amino acids are indicated with arrows off of the exon domain diagram. The AID protein is depicted in green, with critical residues indicated and functional domains drawn below. Known phosphorylation sites are represented by yellow or orange sunbursts. The model is not to scale.
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(http://bioinf.uta.fi/AICDAbase), and most result in loss of both SHM and CSR (62) . Some of these mutations (shown in Figure 4 ) and complementary studies using site-directed mutagenesis have provided clues to the functional domains of AID (39, 63, 64) . The C-terminal portion of AID is required for CSR but not for SHM (63) (64) (65) . This region is not required for deamination: Biochemical analysis of the mutation spectrum generated by a C-terminal deletion mutant of AID revealed close resemblance to that generated by wild-type AID (39) . Thus, some aspect of AID targeting to switch regions versus V regions resides within these last few amino acids, perhaps via the presence of CSR-specific cofactors (63, 64) . The N-terminal region of AID contains a remarkably high concentration of basic amino acid residues, resulting in a +11 net positive charge (39) . An AID double mutant (R35E/R36D, Figure 4) , in which the Nterminal charge has been reduced to +7, exhibits reduced processivity in vitro (39), which is not surprising if it binds with lower affinity to the negatively charged ssDNA backbone. Yet this double mutant also shows a change in specificity in that the highest deamination rate occurs in a non-WRC motif (39) . This modified deamination specificity is surprising because the R35E/R36D N-terminal mutations are far removed from the catalytic region.
Our understanding of the functional properties of AID would be helped significantly by structural data. Although there is as yet no crystal structure for AID, a member of the APOBEC family of enzymes, APOBEC-2 (APO2), has been crystallized and shown to form a rod-shaped tetramer (66) . Owing to a significant degree of sequence similarity, APO2 can be used as a surrogate for AID to make structure-based predictions. First, AID complexed with Zn is necessary for deamination activity. The APO2 structure suggests that Zn hydroxylation may regulate substrate access and enzyme activity. A site-directed mutation at the equivalent site in AID (R19E, Figure 4 ) was predicted to alter Zn hydroxylation and, when tested in vitro, resulted in a ∼fivefold reduction in AID deamination activity (66) . Second, AID has been identified as a dimer (63, 71, 162) , and mutations predicted to disrupt a putative dimer interface (F46A/Y48A) resulted in a fourfold loss of activity (66) . Finally, a residue in APO2 is predicted to help stabilize a β1 -hairpin conformation and thus allow access to nucleic acid substrate. When the corresponding residue is mutated in AID (R24E), deamination activity is completely abrogated. The residues of AID that are mutated in HIGM-2 syndrome, causing impaired production of high-affinity antibodies, are well conserved in APO2. Notably, the aforementioned R24 residue is mutated in some HIGM-2 patients, whereas additional HIGM-2 mutations occur on the predicted surface of an AID monomer (66) . Despite biochemical and physical (66) evidence that AID likely works principally as a dimer in vivo, we cannot rule out that an AID monomer or even higher polymers may also be active (41) .
Posttranslational Modifications
AID isolated from stimulated primary B cell nuclei is phosphorylated at multiple sites, including Ser38 (68) (69) (70) (Figure 4 ). Only about 10% of the protein contains phosphate at this residue, and, interestingly, the phosphorylated form is enriched in the chromatin fraction (69) . AID expressed in E. coli, which is not expected to be phosphorylated, deaminates transcribed dsDNA in vivo (43, 46) , and protein partially purified from E. coli deaminates dC residues on ssDNA in vitro (43) (44) (45) . Thus, phosphorylation per se is not necessary for AID activity.
It has been reported that AID enriched from B cells must be phosphorylated at Ser38 in order to deaminate linear dsDNA undergoing transcription with T7 RNA polymerase in a reaction that also requires replication protein A (RPA), a factor that binds ssDNA (71) . Human AID obtained from insect cells is also phosphorylated at Ser38, yet it is able to deaminate ssDNA in a T7-based transcription assay in the absence of added RPA (39, 40) . Unphosphorylated AID expressed in E. coli also appears to be active in the setting of in vitro transcription assays without added RPA (43, 44) . Therefore, uncertainties concerning the role of phosphorylation at Ser38 and perhaps at other sites remain an outstanding issue. At present, phosphorylation at Ser38 appears to play a role in the efficiency of SHM. In activated B cells deficient for AID, a Ser38Ala mutant exhibits significantly delayed appearance of SHM (69) . Other residues in AID may be phosphorylated as well (Figure 4) . A thorough biochemical comparison using phosphorylated and nonphosphorylated AID could shed light on how AID interacts with ssDNA, RPA, and perhaps transcription factors that may serve to target AID to DNA undergoing transcription.
AID Splice Variants
Another aspect of AID that needs to be examined in more detail is the role, if any, of the various isoforms that have been observed. Alternative transcripts of AID have been reported in asthmatic patients (72) , human B cell non-Hodgkin's lymphomas (B-NHL) (73), chronic lymphocytic leukemia (74) (75) (76) (77) , and normal B cells stimulated with CD40L and IL-4 (74, 75) . The constitutive expression of AID and its splice variants may contribute to B-NHL formation (73) . Five different transcript variants of AID have been detected: (a) the full-length AID transcript (36) , which is the most prevalent AID transcript in healthy and neoplastic B cells (73) ; (b) a variant that lacks the first 30 bp of exon 4 (72, 74, 75) ; (c) a variant that lacks all of exon 4 (72-75); (d ) a variant in which intron 3 is retained (73, 76, 77) ; and (e) a variant that includes a short neo-exon located in intron 3, but lacks exons 3 and 4 (73) . The biochemical examination of these isoforms would provide useful structural and functional information and may also pro- 
BASE EXCISION REPAIR
BER is a DNA repair pathway in which altered bases are removed by a DNA glycosylase, followed by subsequent steps to repair the lesion. Approximately 60% of the mutations that accumulate in vivo in mice and humans are in A:T bases and are not caused by the direct action of AID. As illustrated in Figure 2 , once AID has mutated dC to dU in DNA, the uracil may be either replicated or excised by UNG to create an abasic site. This intermediate can be converted into a single-stranded break by apurinic/apyrimidic endonucleases (APEs) (not shown in Figure 2 ) that can in turn be repaired by error-prone polymerases. This UNG-dependent pathway can generate both transition and transversion mutations, whereas replication yields only transitions (78, 79) .
UNG is primarily responsible for initiating BER of the Ig genes in centroblast B cells, and its genetic inactivation causes a profound defect in both SHM and CSR in mice and humans (34, 80) , whereas the genetic inactivation of other uracil DNA glycosylases has little or no effect (3, 81, 82) . The dominance of UNG in SHM (and CSR), compared with the many other uracil DNA glycosylases that are available (83, 84) , illustrates a common theme in the SHM of the Ig genes: Even in the presence of considerable redundancy, often one particular enzyme and its downstream protein partners are hijacked by the centroblast B cell to repair the antibody V regions in an error-prone manner.
A great deal has been learned in recent years about high-fidelity BER that may be relevant to the error-prone BER of Ig genes. For example, it is now clear that the abasic sites generated by UNG and the single-stranded breaks created by the action of APE1 can be repaired by either of two alternative pathways: short-patch repair of one base or long-patch repair that involves the excision of 2-8 or www.annualreviews.org • Somatic Hypermutationpossibly more bases and their replacement (84, 85) (Figure 2) . The repair of AIDinduced mutations by BER can in principle be limited to mutations at single dC bases after the dU has been removed by UNG, in which case it is called short-patch repair. Because replication over the uracil that arises from the direct action of AID results only in transition mutations, transversion mutations at C or G could arise as a result of such short-patch BER. In animal model systems, the absence of transversion mutations at C and G residues is used to identify defects in this aspect of BER in SHM. Because C-to-G transversions are lost in mice that are genetically defective in REV1, this translesional enzyme is thought to be primarily responsible for the short-patch BER of abasic sites in SHM (78) . As with UNG, REV1 is yet another example of one of the many potential enzymes that is preferentially recruited to carry out error-prone repair of AID-induced mutations in the Ig V regions. Recent studies suggest that the switch from high-fidelity polymerases to error-prone polymerases is mediated by the monoubiquitylation of proliferating cell nuclear antigen (PCNA) (86-89) (see below) so that modified PCNA may be required to recruit REV1 to repair the abasic sites or the ssDNA breaks that arise in short-patch BER.
Barring the existence of an A:T deaminase, mutations at A:T bases must be brought about by excision of bases surrounding the initially targeted dC. One important pathway that carries this out is MMR (discussed below). However, MMR-deficient mice still accumulate some A:T mutations. Interestingly, all A:T mutations disappear in MSH2-UNG (90) and MSH6-UNG double-deficient mice (56) , suggesting that a UNG-dependent, BER pathway also contributes to A:T mutagenesis. Since short-patch BER only acts at the initially targeted dC (Figure 2 ), it cannot be responsible for those residual A:T mutations seen in MMR-deficient mice. Therefore, it is likely that long-patch BER contributes to A:T mutagenesis, although the exact enzymatic players are not as well understood as they are in MMR. In addition, there is some evidence that the MRN (MRE11-RAD50-NBS1) complex, normally involved in double-stranded break repair, can also participate in this process, perhaps in concert with or downstream from BER (84, 92, 93) .
Once UNG has removed the uracil, it is also unclear what regulates the recruitment of short-patch and long-patch BER during SHM. Although uracils that arise during replication more often undergo long-patch repair at least in some cell lines (91), this may not be true of AID-induced mutations in centroblast B cells. In general, the presence of PCNA at a DNA lesion seems to favor longpatch over short-patch repair, whereas Pol β tends to favor short-patch repair (85) . We now know that monoubiquitylated PCNA (see below) is involved in SHM and likely facilitates A:T mutagenesis in the Ig gene via both MMR and long-patch BER. Another emerging principle is that the relative abundance of the various players makes a critical difference in determining error-prone versus error-free repair of AID-induced mutations. This is nicely illustrated in the case of the BER of V region mutations where Pol β, which usually mediates the high-fidelity postreplicative short-patch repair of abasic sites, is downregulated in SHM-proficient BL2 cells, a centroblast-like human B cell line (94) . This appears to allow the error-prone polymerases, especially REV1 and perhaps Pol η or other translesional polymerases, to replace Pol β and allow for error-prone repair in SHM. In Pol β-deficient B cells under certain experimental conditions, CSR can be more proficient, although the levels of Pol β are not modulated during CSR in wild-type mice (78, 95) .
Taken together, all these studies suggest that both short-patch and long-patch BER play a critical role in the SHM of mouse and human V regions. Because high-fidelity postreplicative BER is also important in maintaining genome stability, it is unclear how the centroblast B cell targets error-prone BER to the Ig. One possibility, which is discussed below, is that AID mutations and their error-prone repair may be restricted to the nonreplicative G 1 and G 2 phases of the cell cycle. It is probably also important to understand how BER and MMR compete to repair the dU mutations produced by AID. That competition could be between UNG and MSH2-MSH6 or for factors such as RPA, PCNA, and the error-prone translesional polymerases that are used in both BER and MMR. Because monoubiquitylated PCNA can recruit error-prone polymerases, the state of modification of PCNA could determine whether there is long-or short-patch BER of V region mutations and whether it is error free or error prone. Most of the translesional error-prone polymerases are not processive and add only one, or a few, bases. The repair of longer patches of excised DNA either in BER or MMR (see below) requires that a more processive DNA polymerase like Pol ζ and/or high-fidelity polymerases like Pol δ or ε assist the translesional enzyme in replacing the excised DNA (32). One report, for instance, has suggested that Pol η may replace the first nucleotide, followed by extension of the new strand by Pol θ (79). There could also be competition for these translesional enzymes between long-patch BER and MMR. Because these different BER processes are mediated by different complexes (96) , it would be interesting to compare the protein complexes that are present in centroblast B cells at different stages of the cell cycle to resolve some of these questions.
MISMATCH REPAIR
As with BER, the mutagenic role that MMR plays in SHM is surprising, considering its critical role in maintaining the integrity of the genome. MMR is a complex process requiring the sequential action of many proteins to increase the overall fidelity of DNA replication and the repair of genotoxic damage (97, 98) . Postreplicative MMR is conserved from prokaryotes to mammals, and in eukaryotic organisms it is mediated by the following proteins: (1) the MSH2-MSH6 heterodimer (called MutSα) that recognizes single mismatched base pairs, or MSH2-MSH3 (MutSβ) that recognizes larger mismatches or loops resulting from deletions or insertions; (2) following the initial binding of MSH2-MSH6 or MSH2-MSH3 to the mismatch, there are a series of ATP-dependent events that lead to the recruitment of MLH1 and PMS2 (or MLH1-MLH3) that recruit other downstream elements and introduce a singlestranded nick near the mismatch (99); (3) exonuclease 1 (EXO1), which excises the mismatch and a yet to be determined stretch of the surrounding DNA strand; (4) Pol δ and ε, high-fidelity polymerases that resynthesize the excised DNA stand; and (5) DNA ligase I, which ligates the ends. Other proteins that are also involved in long-patch BER, such as RPA, replication factor chaperone-like complex (RFC), and PCNA, play an important role in MMR (97, 98) (see Supplemental  Table) .
Like BER, the centroblast B cell has hijacked the MMR process and made it error prone when it encounters AID-induced G:U mismatches in the Ig V regions (Figure 5 ). Error-prone MMR accounts for more than 50% of all the mutations and for most of the transversion mutations at A:T bases (3, 100). The genetic inactivation of both Ung and either Msh2 or Msh6 leads to a loss of virtually all mutations at A:T bases in V regions and a profound loss of CSR (55, 56) . In confirmation of a direct role for MMR in SHM and CSR, chromatin immunoprecipitation showed that EXO1 and MLH1 are associated with mutating V regions in the BL2 cell line and that MSH6 is associated with the switch regions involved in CSR in primary B cells (101, 102) . As described by Stavnezer et al. (14) , MMR is also important in CSR.
Because the mutations introduced by AID create single-base G:U mismatches and because short-patch BER generates G:abasic site mismatches, it is not surprising that the absence of Msh3, which recognizes larger mismatches, has little effect on SHM (103) (104) (105) . Although both Msh2 and Msh6 bind DNA, only Msh6 bears a conserved Phe-XGlu motif that directly interacts with mismatched nucleotides and is inserted into the minor groove of the helix at the mismatch site, bending the DNA some 60
• (98, 106) . In addition to triggering the recruitment of the other proteins required to excise and repair the mismatch (Figure 5) , the binding of the MSH2-MSH6 heterodimer also informs the cell of the presence of damaged DNA and can either directly or indirectly activate the DNA damage response pathway, including the ATR kinase and the CHK1/CHK2 G 2 /M checkpoint proteins, causing cell cycle arrest and signaling for apoptosis.
Since error-prone MMR is responsible for so many of the mutations that accumulate in the V region, it is important to understand how this process is regulated. How does errorprone MMR continue to maintain the integrity of most of the genome of the rapidly dividing centroblast B cell, while simultaneously contributing many of the mutations in the V region? Not surprisingly, the proteins that are involved in MMR are highly expressed in rapidly dividing centroblast B cells that are undergoing SHM (107) . There is probably tight control of the relative abundance of each of the MMR proteins because the inactivation of MLH3, which can also form a dimer with PMS2 ( Figure 5) , results in a change in the spectrum of mutations in vivo (108), suggesting that in wild-type mice it is competing with PMS2 to form complexes that are acting on the Ig gene. Studies with genetically defective mice and patients with the variant form of Xeroderma Pigmentosum, in whom Pol η is mutated, clearly demonstrate a critical role for Pol η in the introduction of transversion mutations at A:T bases that are the hallmark of the MMR-dependent second phase of SHM (109, 110) (Figures 2 and 5) . Moreover, the complete absence of mutations at A:T bases in MSH2-Pol η double-deficient mice indicates that the residual A:T mutagenesis in the single MMR-deficient mice is contributed by Pol η (110). Additional studies in Pol θ-defective mice suggest that it works in concert with Pol η and other more processive, high-fidelity DNA polymerases to fill in the gap created by EXO1 (11, 79, (111) (112) (113) .
The question then becomes how these error-prone polymerases are recruited to the repair of the AID-induced mutations in the Ig V region and not to the postreplicative repair of uracils that are introduced during the normal course of replication. The beginning of an answer comes from studies in yeast showing that the recruitment of these errorprone polymerases is mediated by PCNA that has been monoubiquitylated at residue 164 (32, (114) (115) (116) . Although polyubiquitylation is a well-known mechanism for targeting proteins for degradation in the proteasome, the addition of a single ubiquitin monomer is a posttranslational modification that recruits and activates various repair pathways. PCNA is a homotrimer that is central to all forms of DNA replication and serves as a sliding platform that recruits polymerases and other factors. These interactions are competitive and allow PCNA to serve as a central organizing factor, or traffic cop, for DNA repair and replication (117) . In eukaryotes, the monoubiquitylation of PCNA at residue 164 is mediated primarily by the Rad6-Rad18 ubiquitin ligase pathway, and the levels of monoubiquitylated PCNA are adjusted by deubiquitylation, primarily by USP1 (118) . During normal DNA replication, if replication forks stall because of bulky lesions, PCNA becomes monoubiquitylated so that it can recruit translesional enzymes that bypass those lesions. In addition, PCNA plays a critical role in the resynthesis of the excised strand in MMR and seems to be involved at some level in the recognition of MMR enzymes; it physically interacts with MSH6, MSH3, MLH1, and EXO1 as well as with the high-fidelity and low-fidelity polymerases (Supplemental Table) .
Very recently, a few reports addressed the role of PCNA in recruitment of error-prone polymerases by using modified DT40 chicken B cell lines that have been rendered defective in the Rad6-Rad18 pathway or that express PCNA that cannot be ubiquitylated because of a lysine-to-arginine mutation at 164 (86) (87) (88) . Although DT40 cells do not seem to target A:T bases for mutation, their inability to monoubiquitylate PCNA is associated with a decrease in SHM (87, 88) . These studies have now been extended to mice, in which the expression of PCNA with a lysine-to-arginine www.annualreviews.org • Somatic Hypermutationmutation at 164 has resulted in a significant loss of mutations at A:T bases, which is comparable to that seen in mice that are genetically defective in Pol η (89; S. Roa & M.D. Scharff, unpublished data). Although many details of this modification in mammalian B cells must still be worked out, the recruitment of monoubiquitylated PCNA to V region repair provides a possible mechanism for how error-prone polymerases can be recruited to Ig V regions (see Figure 5) . This may be another example of the hijacking of a normal process by the centroblast B cell to generate SHM. Nevertheless, it remains unclear how PCNA, or any other protein, could distinguish AID-induced mutations from mutations that arise during normal DNA replication and repair. This is discussed below in the context of the targeting of SHM.
TARGETING OF SHM
Historically, most of the studies on the targeting of SHM have been conceptually organized around how AID itself is targeted to the V regions of Ig genes in centroblast B cells. However, because more than half of the mutations are dependent on error-prone BER and MMR, it is also important to determine whether the G:U created by AID is sufficient to recruit those processes and mediate their switch from error-free to error-prone repair or if other factors are involved. The targeting of SHM probably occurs at multiple levels and in multiple layers. The critical and recurring question now is how the mutagenic properties of AID combine with error-prone BER and MMR to target parts of the Ig V region for very high rates of mutation, whereas some other genes accumulate fewer mutations, and C regions and most of the genome are spared or protected.
Expression of AID
As AID is the initiating factor in SHM, its expression is, not surprisingly, an important regulatory step. In mice and humans, AID is highly expressed in centroblast B cells in the GC microenvironment (9) . This ensures that high levels of SHM of Ig V regions will occur during a brief stage of B cell development and will then be turned off in the memory and plasma cell stages of B cell differentiation. However, AID expression and lower rates of SHM have been observed in T-independent responses and in immature B cells (119, 120) , and AID protein has been detected in vivo in extrafollicular B cells (121) . Recent studies with AID indicator mice (122) confirm the original observations that AID is primarily restricted to the GC stage of B cell development. When AID is artificially expressed in non-GC B cells (such as hybridomas) or in non-B cells (such as CHO cells), the mutation rate is at least tenfold lower (123, 124) . Surprisingly, mice engineered to constitutively express AID in all cells succumb to T cell but not B cell malignancies (125) . These observations suggest that other factors must synergize with AID to produce effective SHM in the B cell, and there must be protective measures in place in B cells to prevent their malignant transformation.
At a cellular level, most of the AID protein in centroblast B cells is cytoplasmic, and it shuttles back and forth from the cytoplasm to the nucleus, with only 10%-15% located in the nucleus (68, 126, 127) . Although there are both nuclear localization and nuclear export motifs in AID (Figure 4) , the subcellular localization of AID is likely regulated by posttranslational modifications such as phosphorylation (see above) and associated proteins. Once modified AID and its presumed associated proteins have entered the nucleus, they must be recruited to the Ig V regions and largely restricted from acting on other sites. In normal individuals several genes outside of the Ig locus, including Bcl6, CD79, and CD95, undergo SHM, albeit at much lower levels than in the Ig V region (128) (129) (130) . In malignant B cells, several other loci, including Bcl6, Pim1, Myc, RhoH/TTF, and Pax5, can undergo aberrant SHM (131, 132) . AID will even mutate many different types of reporter genes if they are highly expressed in cultured B and non-B cells and in vivo (124, 125, 133 ). Yet not all highly transcribed genes accumulate AID-induced mutations in centroblast B cells. These findings and the AID-inactivating mutations in patients (Figure 4) indicate that there must be other cis or trans factors that are responsible for the accumulation of mutations in the Ig V region and for the lower rates of mutation in genes like Bcl6 and c-myc and in reporter genes that are distributed throughout the genome (134, 135) . The importance of these other putative factors is also consistent with the surprising finding that when naive splenic B cells are stimulated in shortterm culture to express high levels of AID and undergo high rates of CSR, the V regions of those same activated B cells are not mutated (136) . Another surprising finding that suggested other cellular factors is that AID conditionally overexpressed in B cells leads to fewer mutations, indicating mechanisms that specifically negatively regulate AID (137) .
The many detailed studies addressing the mechanism of AID targeting in SHM are the subject of recent reviews (5, 50, 138, 139) . Several explanations have been explored, including (a) that the V region is made more accessible to AID than is the C region or other genes in centroblast B cells; (b) that there are cis-acting sequences in or around the V region, and perhaps a few other genes, that either recruit DNA-binding proteins which in turn recruit AID or form macromolecular DNA structures that serve as a nidus for the recruitment of AID; (c) that there are proteins that associate with AID especially in B cells that both target it to the V region and perhaps restrict it from acting on most other parts of the genome; and (d ) that AID-induced mutations and/or error-prone repair occur only during the nonreplicative stages of the cell cycle, temporally segregating SHM from replication and error-free repair, and there are subnuclear domains in which the targeted Ig genes and SHM enzymes are compartmentalized. Importantly, many of these mechanisms could also be used to regulate or target errorprone BER and MMR. We offer a brief synopsis of evidence supporting each of these models; however, these hypotheses are not mutually exclusive.
Accessibility
Regulation of transcription, repair, and replication of particular genes is often associated with epigenetic changes such as changes in DNA methylation and modifications of histones. These changes regulate the accessibility of those genes to the protein complexes responsible for these DNA transactions. Investigators have surmised that a similar paradigm applies to SHM: The selective targeting of AID and error-prone BER and MMR could be facilitated by increased accessibility of the V region in SHM (and of the switch regions in CSR). Recent studies in transgenic mice have suggested that DNA demethylation of cytosines early in B cell development may play a role in targeting the active kappa light chain allele for SHM (140) . These studies showed that SHM occurs with a tenfold preference on the unmethylated allele compared with an identical methylated allele of the Igκ gene. Earlier studies in the IgH gene and the Igλ gene found no difference between V regions versus C regions with respect to DNA methylation (141) , but those studies did not address specific alleles. How DNA methylation can affect targeting of AID is unclear, as both methylated and demethylated alleles have similar rates of transcription in vivo, and the presence of a methylated CpG does not have a negative effect on AID deamination activity on nearby cytosine residues (142).
As described in the review on CSR by Stavnezer et al. in this volume (14) , a number of studies in primary B cells have shown that the histones associated with AID-targeted switch regions that undergo CSR are hyperacetylated compared with switch regions that do not undergo CSR (53, 143, 144) . As occurs in the switch regions, the acetylation of the H3 and H4 histones associated with the H chain V region increases when compared with
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Chromatin modifications: posttranslational modifications of histone residues, such as acetylation, that can change the local accessibility of genes to various protein complexes cis-acting elements: sequences that recruit protein factors in a sequence-specific manner or that form higher-order structures (e.g., stem-loops) that recruit protein factors the C region in BL2 cells (101) . When BL2 cells were treated with trichostatin A (TSA), a drug that globally inhibits histone deacetylases, mutations were observed to accumulate in the C region and within the first 100 bases downstream from the transcription start site. Because mutations are not usually observed in these two regions of the Ig gene (Figure 1) , this effect of TSA suggests that changes in histone acetylation can affect the targeting of AID. The global hyperacetylation effects of TSA, however, make it difficult to demonstrate that histone modifications are required for proper targeting of SHM.
Hyperacetylation of H3 and H4 histones in the H chain V region compared with the C region has also been observed in primary B cells in vivo (141) . These differences in chromatin modifications preceded the expression of AID, suggesting that if they play a role in the targeting of SHM, they may be part of a broader program of regulation that prepares the V region so it can be targeted by AID. In this study, there was no difference in histone acetylation between the V and C region of the λ light chains from these same mice, but this particular C region is only 1.6 kb away from the promoter and still within the domain that can be targeted for SHM. Because histone H3 and H4 hyperacetylation are also marks of transcribed genes, it is difficult to know whether this chromatin modification pattern is a reflection of transcription per se or important for SHM targeting in this context.
In the same study, phosphorylation of histone H2B-Ser14 (H2B-pSer14) was associated with V regions of both L chain and H chain genes, but not with C regions. On the one hand, this chromatin modification pattern was dependent on AID, as AID-deficient mice did not exhibit these changes, which suggests that H2B-pSer14 is unlikely to be responsible for the initial recruitment of AID. On the other hand, this chromatin modification could play a role in the recruitment of error-prone BER or MMR, a possibility that remains to be explored. Thus, there is circumstantial but not definitive evidence that specific epigenetic changes in V regions translate into increased accessibility to SHM enzymes and play a role in targeting SHM. In addition, it is likely that a combination of chromatin modifications work in parallel to target the action of SHM.
Cis-Acting Sequences
Analogous to transcription, in which particular DNA motifs recruit specific transcription factors, cis-acting sequences may recruit AID, BER, and MMR to the Ig V regions in centroblast B cells. The Ig genes are rich in promoters and enhancers that have been well studied over the years for their roles in transcription and activation of the locus (Figure 1) . Because deletion or mutation of these elements often compromises transcription rates, it has been difficult to distinguish between the loss of specific SHM targeting that leads to decreases in mutation levels and loss of SHM owing to decreases in transcription. Nevertheless, many studies of the endogenous Ig locus or of ectopically located transgenes in cell lines and mice have attempted to identify cis-acting sequences that might recruit SHM enzymes to the Ig V region (reviewed in 138, 145) . Although the results of these studies are conflicting, likely owing to variability within transgenic mice and within or between B cell lines, in general the studies of L chain genes reveal that the SHM machinery could be activated at the correct time during B cell differentiation and could be recruited to almost any ectopically located reporter gene, as long as it is flanked by a strong transcriptional promoter and carries both the intronic and 3 L chain enhancers. These observations suggest that the V region coding exon itself does not contain sequences that are necessary for the targeting of AID but that important motifs must reside in the promoter and/or enhancer regions. However, any strong promoter seems able to target SHM to the V region and, at least in cell lines, even viral enhancers are sufficient (146, 147) . Recent studies in the chicken B cell line, DT40, in which it is easier to examine different modifications of promoters or enhancers, have suggested that the situation may be more complicated. In DT40 B cells, the human EF1-α promoter, which induces as much transcription as the beta-actin or the endogenous L chain promoters, did not support high levels of SHM in the endogenous L chain (148) .
With respect to the H chain gene, a variety of promoters were able to target SHM to the V region or to other genes that were inserted in place of the V region. Studies in which the core Eμ intronic H chain enhancer was deleted resulted in mice that had a small but not significant effect on SHM, suggesting that it does not play an important role in the targeting of SHM (149) . Similarly, deletion of various known parts of the endogenous 3 regulatory regions of the H chain did not affect SHM in mice (150) , but the roles of the recently described elements hs5, 6, and 7 have yet to be determined (151) . However, some recent studies with cell lines suggest that the situation may be more complicated. To circumvent the problem of maintaining high levels of transcription in the absence of the H chain enhancer, we have used Sp6 hybridoma cell lines in which the endogenous intronic enhancer is in fact deleted but the H chain continues to be stably transcribed at high levels through variegated expression (152) . In addition, the 3 regulatory region is insulated by the insertion of a gpt gene, which allowed us to examine whether the intronic enhancer is required for SHM without any compensating assistance from the 3 regulatory region. Because the Sp6 hybridoma does not express AID, we stably transfected the cells with AID. These studies revealed that the intronic core Eμ enhancer was required for SHM of the endogenous H chain V region if the matrix attachment regions (MARs) were still present but that if both the MARs and core Eμ were deleted, then SHM was restored to wild-type levels. We concluded that at least in this hybridoma system, cis-acting sequences associated with these transcriptional regulatory regions were affecting the targeting of SHM, even if they were no longer required to control transcription. In addition, these results suggested to us that the MARs and core Eμ elements can singly or in combination impose positive and negative regulation of SHM.
This general idea is supported by studies in which the intronic enhancer has been manipulated in other ways (153) . For example, in Ramos cells, when the core Eμ enhancer is deleted in an ectopic H chain gene, there is a twofold reduction in SHM. If part of the 3 regulatory region is added, mutations in the V region of the transgene occur primarily in A:T bases rather than G:C bases. In the same cells, the mutations in the endogenous H chain V region continue to be primarily in G:C. This suggests that cis-acting sequences could also regulate the recruitment or activity of error-prone BER or MMR because the spectrum of mutations is altered in a cis-acting manner.
In vivo, the presence of trans factorbinding sites, such as E-box motifs for E2A, PU.1, and NF-EM5, alters the rate of SHM in H and/or L chain V regions (52, 154) . Because these motifs are not found in all H and L chain genes and are present in many nonmutating genes, they are unlikely to be the sole regulators of targeting of SHM. In addition, these trans factors alter the rate of transcription in Ig genes, so it is difficult to know if the changes in SHM are primary or secondary to changes in rates of transcription. However, these binding sites and presumably other cis-acting sequences and DNA-binding proteins are likely to play an as yet to be defined role in the targeting process.
Another type of cis-acting sequence that might recruit the SHM enzymes to Ig regions undergoing high rates of mutation is ssDNA structures. For example, G-loops have been observed in transcribed switch regions, and they might offer AID a stable ssDNA target in the nontranscribed strand (155) , whereas collapsed R-loops may provide the same in the transcribed strand (156) . To probe for ssDNA associated with mutating V regions, we have crosslinked the nucleic acids and proteins in intact B cell nuclei and used sodium bisulfite www.annualreviews.org • Somatic Hypermutationto identify regions of ssDNA. We found more patches of ssDNA in crosslinked chromatin in genes that are undergoing SHM than in highly transcribed genes that are not targeted by AID (57) . In addition, a number of investigators have used computer programs to identify potential stem-loop structures in the V and switch regions that may stabilize ssDNA in regions that are frequently mutated (157, 158) .
Trans-Acting Protein (Co-)Factors
As discussed above in the AID section, the location of some of the inactivating mutations in AID (Figure 4 ) and the importance of its phosphorylation sites suggest that there are interacting proteins that could influence AID targeting to either the V or switch regions (64, 65) . One of the first AID cofactors identified was RNA Pol II (53) . Additionally, the 5 boundaries of SHM may reflect the transition between the initiating and elongating forms of RNA Pol II, with AID activity or binding requiring the elongating form (50) . If true, this requirement for elongation might explain the relatively protected 100-200 bp from the transcription start site. Similarly, stochastic dissociation of AID from RNA Pol II has been invoked to explain the exponential decay of SHM after the first 1.5-2 kb (15, 19) . Direct evidence for this model is lacking, and it does not explain how other highly transcribed genes, which also use RNA Pol II, would be protected from AID.
Other identified protein cofactors include RPA; MDM2, which is a ubiquitin ligase 3 that modifies P53; protein kinase A (PKA), which presumably phosphorylates serine 38 and/or perhaps other residues in AID; and DNA PKcs. All these cofactors have been reported to associate with AID (70, 71, 159, 160 ) (Supplemental Table) . Considering that these proteins are ubiquitously expressed and perform general cellular functions, it seems unlikely that they are responsible for mediating the preference of AID for the Ig genes or for specific targeting to V and switch regions.
Cell Cycle and Subnuclear Restriction
In the discussion of BER and MMR, we emphasized the important role of error-prone repair in SHM and CSR, whereas error-free repair is an essential characteristic of DNA replication during the S phase of the cell cycle. The recent crystal structures of human Msh2-Msh6 bound to various types of mismatches (106) suggest that the conformation of the heterodimer is identical, whether it is bound to a typical postreplicative G:T mismatch, the G:U mismatch that is the result of AID deamination, or even bulkier adducts caused by genotoxic agents. Therefore, the nature of the DNA lesion itself is unlikely to explain the recruitment of error-prone repair to AID-induced lesions.
By restricting SHM and CSR to the nonreplicative phases of the cell cycle, the centroblast B cell could potentially separate the error-free repair needed during DNA replication from the error-prone repair of antibody V and switch regions that have undergone AID-induced mutations. This seemingly straightforward mechanism might work because error-free repair is an essential characteristic of DNA replication during S phase. Only a few studies have been done that are relevant to this possibility. In BL2 cells in which SHM was induced by incubation with antiIgM, anti-CD19, and anti-CD21, V region mutations were detected during G 1 and G 2 but not during S phase (161) . Similarly, during CSR the colocalization of the IgH gene with proteins involved in nonhomologous end joining (NHEJ) was observed in G 1 (136) . Immunohistochemical studies on the subcellular location of AID also suggest that there may be differences in localization at various stages of the cell cycle (121, 162) . Clearly, a great deal is unknown in this area, including when during the cell cycle AID is itself expressed and has access to the Ig genes.
Two other ways that SHM may be targeted and restricted are through subnuclear localization of those genes that will undergo SHM and through the restriction of AID and the various other enzymes that are involved to that region of the nucleus. A number of studies have reported changes in the subnuclear localization of the H chain gene around the time of V(D)J rearrangement (163) , as well as colocalization of the locus with proteins involved in NHEJ during isotype switching (164) . However, neither colocalization of the Ig genes with AID nor the proteins involved in BER and MMR has been reported. Particularly intriguing is the recent finding that the IgH and IgL genes colocalize with c-myc in the same "transcription factories" in primary resting B cells (165) , but it remains to be determined if this colocalization is also present during SHM or CSR and whether AID and its associated cofactors are in such transcription factories.
CONCLUSIONS
Although a great deal of genetic and biochemical evidence supports the model of SHM depicted in Figure 2 , the discussions of BER and MMR in the preceding sections reveal many unresolved issues and raise a number of provocative questions. Even if one focuses on just V region mutation, it is unclear how the B cell manages the ordered recruitment of the many different components of each system to carry out the SHM of antibody V regions (110, 166) . Although AID may initiate this process by converting dC to dU, we know that a whole program of gene expression changes occurs as B cells enter the GC and become centroblasts (167, 168) . These changes include the transcriptional activation of AID, the increased expression of enzymes involved in MMR and BER, changes in the chromatin to make the Ig V regions accessible to AID (101, 141) , and suppression of the DNA damage response (169, 170) . Although AID may deaminate dC on both strands at about the same frequency, a strand bias for mutations in A:T bases has been recognized (26) , which suggests that the targeting of AID and of the repair processes that it recruits may be different. A very recent paper suggests that errorprone MMR preferentially targets dU in the nontranscribed strand (54) .
Dividing SHM into two phases has been convenient, but whether they are really distinct is unclear. We have assumed that the presence of dU is responsible for recruiting BER, whereas the G:U and probably the G:abasic sites create mismatched bases that recruit MMR (1, 3-5, 10) . However, the AID protein, the molecules that are associated with it, and/or some as yet unidentified protein or transcription complex may also play a role in recruiting and managing the competition between BER and MMR. For example, a dominant-negative mutant of MSH6 affects the targeting of AID to particular hot-spots, suggesting a connection between the first and second phase (102) . This may merely reflect that the accumulation of 10-15 mutations, which is often seen in a single V region, requires multiple cycles of mutation and repair and that mutations introduced by BER and MMR introduce new mismatches that must be repaired. But phase 1 and phase 2 may also be connected by an organizing molecule such as PCNA, or, perhaps, B cell-specific complexes or mutasomes contain both phase 1 and phase 2 enzymes and associated proteins (171) , which coordinately regulate SHM.
Even more perplexing is how a high rate of mutation can be selectively targeted to small regions of the antibody genes, whereas other regions of the Ig genes and non-Ig genes that are highly expressed in centroblast B cells do not undergo such high rates of mutation. Although the number of mutations that accumulate in antibody V regions is clearly much higher than in other genes in AID-expressing B cells, mutations have been observed in other genes. Many of the genes that appear to be mistargeted by AID are proto-oncogenes, and the mutations in them are observed in B cell tumors (131) . However, high mutation rates have been reported in normal primary cells in genes that do not contribute to malignancies (128) . In addition, reporter genes that are integrated throughout the genome also www.annualreviews.org • Somatic Hypermutationaccumulate mutations at frequencies that are lower than the V region but are still very high when compared with the genome-wide mutation rate (134, 135) . This suggests that AID-induced mutations are not as restricted as previously believed and raises the question of how much DNA damage is actually being produced throughout the genome in B cells undergoing SHM and CSR. There is accumulating evidence that the amount of damage is substantial because centroblast B cells appear to have developed mechanisms to ignore or deal with such damage (137, 169) . There is already evidence that many of the mutations in the V region are repaired and not scored as mutagenic events (161) . This raises the possibility that AID is causing mutations in many genes but that the mutations in non-Ig genes are effectively repaired in an error-free way.
A third and related question is how the centroblast B cell organizes the mutation of the antibody V regions so that the BER and MMR of the V region is error prone, whereas the repair of other genes is error free. Approximately 70-250 dUs are normally introduced during each cycle of DNA replication, and all or most of these are repaired by BER, MMR, and other mechanisms with high fidelity (172) . How are these postreplicative lesions distinguished from the AID-induced lesions, and, if AID is not restricted to the antibody genes, how are the AID-induced lesions in non-Ig genes distinguished from those in the V regions, or are they? These are important issues because the B cell needs to create genomic instability in the V region while still maintaining sufficient stability in the rest of its genome so that it will survive to produce clonal progeny that can be positively selected for high-affinity antibodies. These affinitymatured B cells must then either differentiate into plasma cells that secrete useful antibodies or into memory B cells that can meet future challenges against the same antigen. Notably, the loss of control of this process may be responsible for the many B cell lymphomas that arise from GC B cells.
To address these issues, it will be necessary to identify the proteins that interact with AID and contribute to its differential targeting to Ig genes and to the V region and different switch regions, to learn more about when in the cell cycle SHM is occurring, and to identify mutation and repair complexes that participate in error-prone and error-free repair. We will also have to gain a better understanding of how the levels of these SHMparticipating proteins and their high-fidelity, error-free competitors are regulated in centroblast B cells and identify the signal transduction pathways that are responsible for controlling these events. Such studies not only will reveal how SHM is regulated and targeted but also will lead to new insights into the basic mechanisms of mutation and repair.
SUMMARY POINTS
1. Affinity maturation of the humoral response occurs through diversification of Ig genes by AID-induced somatic hypermutation (SHM) of the Ig V regions, followed by selection of high-affinity B cells.
2. AID initiates SHM by deaminating cytidine residues in ssDNA during transcription of the Ig locus.
3. AID is recruited to specific regions by a variety of targeting mechanisms that may include increased accessibility, cis-acting elements, proteins that associate with AID, and regions of stabilized ssDNA.
4. The resulting uridine is either replicated over or processed by a complex series of enzymes, each of which paradoxically functions outside the Ig locus in high-fidelity DNA repair and maintains genome stability.
5. Mismatch repair, base excision repair, and DNA polymerases are diverted from their typical cellular roles of preserving genomic integrity to process uridines and surrounding sequences in an error-prone fashion, which leads to significant diversification of the Ig locus.
6. The regulation of this process occurs at many levels that likely include posttranslational modification of AID and PCNA, downregulation of components of high-fidelity repair, subcellular localization and trafficking of AID, chromatin changes in the targeted loci, differences in protein interactions and complex formation at different phases of the cell cycle, and global changes that occur in GC B cells in transcription programs and the DNA damage response.
FUTURE ISSUES
1. How is AID targeted to specific genomic loci?
2. How are mismatch repair and base excision repair induced to recruit error-prone repair to sites of AID action while performing high-fidelity repair elsewhere in the genome? 
DISCLOSURE STATEMENT
The authors are not aware of any biases that might be perceived as affecting the objectivity of this review. LITERATURE CITED
